while EPA uses acetic acid and sodium acetate-the concentration in the leachate is approximately ten times higher for the STLC procedure than the TCLP. These media can form ligands that provide excellent metal leaching. Because of the aggressive nature of the leaching medium, stabilized wastes in many cases will not pass the leaching tests.
At the Lawrence Livermore National Laboratory (LLNL), additives such as dithiocarbamates and thiocarbonates, which are pH-insensitive and provide resistance to ligand formation, are used in the waste stabilization process. Attapulgite, montmorillonite, and sepiolite clays are used because they are forgiving (recipe can be adjusted before the matrix hardens) when formulating a stabilization matrix, and they have a neutral pH.
By using these clays and additives, LLNL's highly concentrated wastewater treatment sludges have passed the TCLP and STLC tests. The most frequently used stabilization process consists of a customized recipe involving waste sludge, clay and dithiocarbamate salt, mixed with a double planetary mixer into a pasty consistency. TCLP and STLC data on this waste matrix have shown that the process matrix meets land disposal requirements.
BACKGROUND
The disposal of low-level mixed waste must meet land disposal restrictions under the federal regulations (40 CFR 268). For this reason, LLNL's Environmental Protection Department has undertaken waste stabilization, deeming it to be the BDAT for waste disposal that adheres to regulations.
To assure that stabilization technology is effective, the processed material must undergo the regulatory leach tests, which are Toxicity Characteristic Leaching Procedure (TCLP) and the California Assessment Manual Waste Extraction Test for Soluble Threshold Leachate Concentration (CAM-WET STLC). The CAM-WET is a much more aggressive test, applying to many more constituents, and frequently requires verification of success and customization in stabilization processes.
Currently, mixed wastes that exhibit the characteristics of corrosivity @002), low total organic carbon (TOC) ignitability (DOOl), or toxicity for pesticides (DO12 through D017) must be treated for all underlying constituents to meet land disposal requirements. Table 1 summarizes regulatory threshold limits for metals, their EPA codes, and underlying constituents.
The waste requiring stabilization at LLNL is filter-aid sludge from processing wastewaters generated through various systems within the LLNL site. This filter-aid sludge does not exhibit characteristics that require LLNL to treat underlying constituents. However, to dispose of the waste at the Nevada Test Site, State of California regulations apply, and these require LLNL to pass the STLC test. The metals analyzed in the STLC are the same as the underlying constituents in EPA's Universal Treatment Standard (40 CFR 268.48).
EPA recognizes that stabilization is a BDAT. Therefore, it does not require stabilized wastes to be sampled to verify that they meet land disposal restrictions. However, the Nevada Test Site requires verification of 10% of the LLNL low-level wastes sent there for disposal. For this waste, TCLP extract concentrations and the STLCs are applied for those waste constituents listed in the Constituent Concentrations In Waste Extract (CCWE) table (40 CFR 268.41). Table 2 lists the metals analyzed and the CAM-WET threshold limit for hazardous waste.
The Nevada Test Site also requires that California constituent radioactive wastes be treated prior to disposal. LLNL's work with California constituents will help in developing techniques to meet the universal treatment standards when promulgation requires treatment of underlying constituents for metal characteristic codes. The differences between the federal (TCLP) and the California State (STLC) leaching tests are subtle but provide substantial differences in test results. The differences in these tests for the stabilized wastes are summarized in Table 3 . Table 3 shows that the California State leaching test is more rigorous in all categories except pH and extraction fluid weight ratio. The citrate buffer it uses has greater soluble ligand formation properties than does the acetate buffer used in the federal test. Both anions form soluble complexes with metals, but citrate has much larger formation constants and can form bidentates and tridentates with metals in the presence of hydrogen (as in a pH of 5.0). Both buffer strengths are the same for this type of waste. Wastes that are not pasty are ground up to a certain particle size. The particle size for the STLC is five times smaller than for the TCLP, providing the STLC with a steeper internal diffusion gradient. The leachate time for STLC is longer, so more contaminants leach out. Although there is twice as much extraction fluid in the TCLP, this may not be significant. While more fluid provides for a larger diffusion driving force, this is not significant for lower concentrations (parts per million range). 
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RAW WASTE CHARACTERIZATION
The waste to be stabilized originates as aqueous waste. The metal constituents in the wastes are precipitated predominantly with hydroxide ion. The waste is then filtered through a rotary-drum vacuum-filter to remove the hydroxide precipitate, which is trapped by diatomaceous earth (filter-aid). This spent filter-aid sludge is periodically cut from the rotary drum during the aqueous waste treatment process and sent to LLNL's processing building for stabilization. The sludge contains about 60% water, with the balance of the material being diatomaceous earth, metal contamination, and often organics such as oil and carbon. The metal contamination in the sludge varies widely from batch to batch, since the waste streams processed are widely varied. Typically, one 5-m3 aqueous waste batch will yield one to two 0.2-m3 drums of diatomaceous earth waste. A typical example of the filter-aid sludge in a drum that requires stabilization is given in Table 4 .
The diatomaceous earth waste itself has little resistance against either the federal or California leaching test. This is to be expected since hydroxide precipitates cannot hold up against any mild acid buffer regardless of their ability to form soluble complexes with metals. Metal hydroxide solubilities can be calculated from first principles using hydroxide formation constants, solubility products, and assuming unity for activity coefficients. Cadmium, lead, and zinc appear to be completely soluble at a pH of 5. Table 4 demonstrates the wide variety of metal constituents found in the filter-aid sludge. The highest in the subset shown is nickel at 2,076 mgkg. Usually the largest concentration of metal contamination in the waste sludge does not exceed 5,000 mgkg. The more concentrated sludges at LLNL are from spent plating baths (electro and electroless plating), which seldom contain arsenic, antimony, and selenium. These metals usually have to be precipitated as anion complexes and ion-exchanged prior to filtration because they will not precipitate as a hydroxide. Fortunately, LLNL does not see much of these metal contaminants.
THE CLAY MATRIX USED IN STABILIZATION
The primary clays used in LLNL's stabilization process are sepiolite, montmorillonite, and attapulgite. These clays have defined alumina or magnesium oxidesilica layers upon hydration. These clays were chosen because they have demonstrated effective stabilization in TCLP testing. They also tend not to increase the total waste volume to the extent that other clays (e.g., bentonite clay) do.
The clays also possess the ability to hydrate and adsorb hazardous constituents. They form thixotropic fluids when hydrated and have minimal compression strength, but are considered solids from a regulatory standpoint (they pass the EPA SW846 9095, Paint Filter Liquids Test).
Montmorillonites are impure forms of A1203-4Si02-H20. The impurities are magnesium, potassium, calcium, titanium, and iron. The clay is an expanding type which forms a smectite when hydrated. Its structure consists of an aluminum hydroxide octahedral in between two sheets of silica tetrahedral. During the formation of the clay, cationic impurities disrupt the clay matrix by replacing the alumina ions. This is most profound when the two aligning tetrahedrals (above and below the octahedral) have substituted alumina for other metal oxides. In the case of this clay, the replacement cations have a less positive charge than the alumina. This results in a net negative charge in the clay lattice, giving it the ability to hold cations in place, or "sorb" them. The hydration reaction in its simplest view is given below.
Attapulgites and sepiolites have a similar behavior to montmorillonite but their structures are different. Attapulgite and sepiolite are not just alumina sandwiched between silica. They have a ribbon-like structure in which alternating twists in the ribbon are silica and metal oxides. The structure is stable and replacement of the metal oxides is less evident than in montmorillonite. This gives less adsorption capacity but provides a lower expansion upon hydration. The chemical composition of attapulgite and sepiolite is given below. These formula are based on the Nagy and Bradley model and are discussed in Weaver (1975) . The clays contain aluminum as an impurity but at a much lower volume than magnesium.
pH-INSENSITIVE ADDITIVES
Because pH, complex formation, and diffusion are the primary driving forces for leaching in the TCLP and STLC tests, it is important to limit these phenomena as much as possible.
The instance of molecular diffusion, although modeled in many situations and scenarios (sometimes in very complex detail), is small in this waste stabilization case. The diffusion of interest is between two solid phases: a successfully precipitated metal that is physisorbed to an active site, diffusing through a layer of clay. The potential of such a case is orders of magnitude smaller than solid-liquid phase diffusion.
The chance for complex formation between a citrate and metal is also relatively small. The formation constants of the bidentates and tridentates are orders of magnitude smaller than most inorganic solubility products. Acetate salt formation is an even smaller possibility. Hydroxide precipitates do not hold up well against the mild acid buffers of the leaching tests.
However, the use of pH-insensitive additives is required when high concentrations of metals are found in the waste sludge. There are many precipitating agents marketed under a variety of names; they are usually sold for wastewater treatment. The primary non-hydroxide chemicals sold for precipitation are iron and sodium sulfide, thiocarbamate, and thiocarbonate. These chemicals are all relatively pH-insensitive but still work better in alkaline solutions or high lime concentrations. The solubility products of sulfide or sulfur-bearing organic salts are all much lower than hydroxides. Care must be taken in using these materials because they are toxic in their own right.
MIXING EQUIPMENT
This process uses a double planetary, open paddle mixer. It is a "change-can" mixing device that uses a standard 55-gal (O.2-m3) drum as the mixing vessel or changecan. Its power source is a 15-hp (1 1,200-W), totally enclosed fan-cooled (TEFC) motor operating at 1,800 rpm. The motor shaft is connected to a worm that reduces speed by 40: 1. The worm gear is attached to a shaft that is itself attached to a flat circular gear engaging two other gears, attached to each other and floating freely about the center shaft. These two gears each have a shaft attached to an open paddle. When the central shaft turns clockwise, the two opposing gears and their paddles spin counterclockwise. At the same time that the two paddles spin counterclockwise about their own axis, they spin together clockwise about the center gear. Thus, each paddle behaves as a planet spinning on axis, rotating around the sun (center gear). All three gears are approximately the same size and thus spin at about 45 rpm. This would appear slow (less than 1 revolution per second) if one did not see three motions occurring at once. This mixing action is needed because the clay and diatomaceous earth mixture is a thixotropic pseudoplastic. It has extremely high viscosity until a high shear is applied, and it is a free-standing monolith when it is not being forced to move. Low speed, high shear mixing is more appropriate for this type of material than high speed, low shear mixing.
PROCESS DESCRIPTION
The stabilization process is implemented making use of water already present in the diatomaceous earth sludge. Stabilizer is added in an amount calculated to solidify the water in the sludge, not the entire weight of the sludge. Initially, much of the preliminary stabilization product was too soupy due to addition of too much water to the sludge. Now, a moisture determination is made before stabilization begins. This is performed in a standard laboratory oven at approximately 600°C and 600 grams of waste. The average moisture content is about 55%, varying between 33% and 80%, depending on the aqueous waste treated. The amount of clay added to the waste is determined by using the following formula: This formula gives a consistent, stiff matrix. It allows for easy cleaning of the equipment because the clay matrix sticks to itself much more than to the open paddles.
Also, it does not dehydrate readily when sealed in a drum to cure.
Additives are used when metal concentrations are too high for the clay alone. In such instances, clay alone provides little fixation. Table 5 shows the original raw material concentrations of metals with the STLC values after stabilization. A fair comparison can be made if one takes the STLC value, multiplies it by 10 (this is the dilution caused by the citrate buffer), then multiples by the ratio of stabilized net mass to mass balance net mass. This will show that fixation does not occur in many cases and dilution is the main effect (the Table 5 values for zinc demonstrate this). Figure 1 shows a good way to present data to demonstrate the fixation of a metal constituent. The total constituent mass is calculated, then the percentage of the amount of metal leached is calculated. A direct comparison of the amount leached in the original waste form and the stabilized waste form can then be made. Figure 1 shows the results of stabilization with clay only. For many metals at moderate concentrations, fixation with clay is adequate. Cadmium and cobalt show an order of magnitude reduction in leachate concentration upon stabilization with clay only.
PROCESS ANALYSIS
Nickel shows greater than one order of magnitude reduction and copper shows varying reductions in leachate concentration up to two orders of magnitude.
If the waste sludge contains greater than a few hundred grams of the metals mentioned above or contains metals such as chromium, molybdenum, vanadium, and zinc, additives are required to perform the stabilization successfully. Additives were fxst added at stoichiometric ratios plus 10% excess. This proved unsuccessful. Often, stabilization was not successful unless 100 times stoichiometry was used. Currently, 12% by weight of waste is used and only dithiocarbamate (DTC) has been successful at this concentration.
LLNL found that the sequence of stabilization is very important and that two mixing stages are needed. First, the pH-insensitive precipitating agent is added, and the waste sludge and additive are allowed to mix. The mixing continues for two to five minutes, at which point the waste and additive are well mixed and reprecipitation has occurred. Next, the clay is added and mixed. This locks the reprecipitated metals in the media and physisorbs it and any other materials still free in the matrix.
Figure 2 below shows a similar chart for stabilized wastes using DTC. In every case except for barium, fixation has occurred. There was essentially no detection of nickel or silver in the leachate of stabilized wastes. This clay and DTC showed very low leachate fractions for metals except for arsenic, which does not readily precipitate with DTC and usually exists in anionic form in wastewaters. Nevertheless, some reduction in arsenic leaching was observed. Figure 3 shows the decrease in leachate concentration with the addition of DTC. The decrease is dramatic when the DTC additive is between 3% and 12% by weight of raw waste. These wastes originally had 3,200 mgkg nickel, 745 mg/kg copper, 429 mgkg zinc. Leachate concentrations for these wastes after stabilization with clay and DTC were less than 1 mg/L; all stabilized wastes passed the TCLP and STLC tests. 
CONCLUSION
In many cases the use of clay alone can fix metal constituents in a waste form. In other cases, fixation must be augmented. Using clay alone when metal concentrations are high will not futate metals enough to pass the STLC test. The pH-insensitive additives, such as DTC or other sulfide-bearing compounds, may need to be used. Without the use of pH-insensitive additives, metal salts become available to the leaching fluid because the interaction of the clay and the metal hydroxide is weak. With the salts available and at a pH of 5.0, metal hydroxide dissolves into the bulk extractant in the form of citrate or acetate salts and salt complexes. The addition of DTC at concentrations between 6% and 12% of the raw waste precipitates metals so that the clay matrix passes the STLC test. 
